] i and force significantly more in extraocular muscles. Mitochondrial volume density and capillary density were three times greater, and citrate synthase and cytochrome c oxidase were only ϳ2-fold higher in extraocular muscle. Calcineurin A␣, calcineurin B, and peroxisome proliferator activated receptor (PPAR)␥ were more abundant in extraocular muscle. CONCLUSIONS. These data support the hypothesis that mitochondria serve as Ca 2ϩ sinks in extraocular muscles. The high mitochondrial content of these muscles may partly reflect this additional function. It is likely that mitochondrial Ca 2ϩ influx increases the dynamic response range of the extraocular muscles and matches metabolic demand to supply. (Invest Ophthalmol Vis Sci. 2005;46:4541-4547)
T he extraocular muscles are the final effector arm of the ocular motor system. These small and constantly active skeletal muscles are categorized as "ultrafast, " mostly based on their extremely short isometric contraction time and associated right-shift in their force frequency relationship (high stimulation frequencies required to obtain maximum force). 1 In skeletal muscle, the duration of a contraction is determined mostly by changes in the cytosolic free Ca 2ϩ concentration ([Ca 2ϩ ] i ), which rapidly increases three to four orders of magnitude from the resting state to the start of a contraction. The sarcoplasmic reticulum (SR) is the foremost locus for the coupling of excitation and contraction of the muscle fibers: It contains the channels that release Ca 2ϩ into the cytosol in response to depolarization and the Ca 2ϩ -adenosine triphosphatases (ATPases; Ca 2ϩ pumps) that transfer the cytosolic Ca 2ϩ back into its lumen and terminate the contraction. Nevertheless, other organelles may serve as effective Ca 2ϩ sinks. In particular, the kinetics of Ca 2ϩ flux into mitochondria appear to be sufficiently rapid to influence [Ca 2ϩ ] i during rapid events such as muscle contraction and neurotransmitter release. [2] [3] [4] [5] Therefore, mitochondria can modulate the amplitude of [Ca 2ϩ ] i transients during muscle contraction, and it is likely that the magnitude of this effect is proportional to mitochondrial content. The extraocular muscles are reported to have one of the highest mitochondrial contents of mammalian skeletal muscles. 6 This high mitochondrial content has been considered to reflect the metabolic demands imposed by their fast and constant activity. However, mitochondria could also be important in regulating [Ca 2ϩ ] i kinetics during the activation of extraocular muscle fibers, influencing force production and increasing the dynamic response range for this muscle group. This study addressed three hypotheses to examine the relevance of this novel mitochondrial property on extraocular muscle function. First, we tested whether mitochondrial Ca 2ϩ uptake is an important regulator of [Ca 2ϩ ] i and force during contraction of rat extraocular muscles. Second, we explored whether mitochondrial content in extraocular muscles correlates with their use as Ca 2ϩ sinks; in other words, mitochondrial content could be greater than oxidative capacity in this muscle group. Third, we examined whether the high mitochondrial content of the extraocular muscles depends on the same group of transcription factors and coactivators that trigger mitochondrial biogenesis in limb muscles adapted to aerobic exercise.
MATERIALS AND METHODS

Animals
Use of experimental animals was approved by the local Institutional Animal Care and Use Committee and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Adult male Sprague-Dawley rats (300 -350 g; Harlan, Indianapolis, IN) were anesthetized with ketamine hydrochloride and xylazine hydrochloride (100 and 8 mg per kg body weight, respectively, injected intraperitoneally) and killed by exsanguination after a medial thoracotomy. Intact extraocular muscles and EDL muscle bundles (a representative fast-twitch limb muscle) were dissected for in vitro function. For mRNA expression and biochemical studies, extraocular muscles and midbelly samples of EDL were quickly excised, frozen in liquid nitrogen, and stored at Ϫ80°C until used. For histochemistry, orbital contents and EDL muscles were frozen in 2-methylbutane cooled to its freezing point in liquid nitrogen.
Mitochondrial Volume Density
Rats were anesthetized with thiobutabarbital (130 mg/kg body weight, injected intraperitoneally) and then perfused transcardially with phosphate-buffered saline (pH 7.4), followed by 2% paraformaldehyde-4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and 130 mM NaCl. Perfusion-fixed muscle samples were postfixed in 1% osmium tetroxide, stained en bloc in uranyl acetate, dehydrated in a methanol series and propylene oxide, and embedded in epoxy resin. One-micrometer cross-sections of whole muscles were stained with toluidine blue and used to determine capillarity with a 100-point eyepiece grid at 400ϫ with a light microscope. 7 Thin (80 nm) sections were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope (model 1200EX; JEOL, Inc., Peabody, MA). Mitochondrial volume density (% of muscle fiber volume occupied by mitochondria) was determined from scanned negatives of 154 extraocular muscle fibers (sampled from global and orbital layers) and 61 EDL fibers using a standard point-counting method (144-point grid) with systematic sampling. 
Histochemistry
Ten-micrometer-thick sections of orbital contents and EDL muscles were processed concurrently for cytochrome c oxidase activity in phosphate buffer (pH 7.4) containing (in mg/mL) 1 cytochrome c, 0.5 4,3,3Ј-diaminobenzidine, and 0.02 catalase. Slides were dehydrated in an ethanol series, cleared with xylene, mounted (Permount), and viewed with a microscope (model E600; Nikon Inc., Melville, NY). Images were captured with a digital camera (Spot RT; Diagnostic Instruments, Inc., Sterling Heights, MI) and transmitted to a computer (PowerMac G4; Apple Computer Inc., Cupertino, CA, equipped with Spot RT software, ver. 4.0; Diagnostic Instruments, Inc.).
Mitochondrial Enzymes
EDL and extraocular muscle samples were homogenized (1:20 wt/vol) in 26 mM Tris, 30 mM dithiothreitol, 0.3 M sucrose, and 1% Triton X-100 (pH 8.0), and extracted on ice for 1 hour. The crude homogenates were centrifuged at 10,000g at 4°C for 30 minutes to pellet the cellular debris. Protein content of the supernatant was determined by the Bradford method using bovine serum albumin as the standard. 9 Citrate synthase activity was measured in triplicate by observing the coupling of coenzyme A, released by citrate synthase, to 5,5Ј-dithiobis-(2-nitrobenzoic acid) (DTNB). 10 Units were defined as the amount of protein that catalyzes the synthesis of 1 micromole of citrate per minute at 25°C, and calculated per milligram of protein. Cytochrome c oxidase activity was measured by observing the oxidation of cytochrome c.
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Mitochondrial Biogenesis Program
The abundance of mRNAs for transcription factors known to influence mitochondrial content in skeletal muscles was determined by real-time quantitative PCR (qPCR). Muscles were pulverized in liquid nitrogen and total RNA was isolated (TRIzol; Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Muscles from four animals were combined into each RNA sample to lessen the effect of intersubject variability. Reverse transcription was performed with reverse transcriptase (Superscript II RNase H Ϫ ; Invitrogen) with random hexamers.
Primer pairs for genes of interest were designed on computer (Primer Express, ver. 1.5; Applied Biosystems, Foster City, CA) from GenBank nucleotide sequences (Table 1) . cDNA samples (2 g each) were analyzed in triplicate with a sequence-detection system (model Prism 7700; Applied Biosystems) using SYBR green and ␤-actin as the calibrator housekeeping gene. The relative abundance of target mRNAs in the extraocular and EDL muscles was determined with the comparative cycle threshold method.
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Force and [Ca 2؉ ] i Transients
Isometric contractile properties of extraocular muscles (superior rectus) and EDL muscle bundles (ϳ10%-15% of total muscle mass) were studied in vitro as described previously. 14 Briefly, muscles were placed in a muscle bath with platinum field electrodes and filled with a physiological salt solution (in mM): 137 NaCl, 5 KCl, 2.0 CaCl 2 , 1.0 MgSO 4 , 1.0 Na 2 HPO 4 , 24 NaHCO 3 , 11 glucose, and 0.026 D-tubocurarine, bubbled with 95% O 2 -5% CO 2 to maintain pH at 7.4 at 25°C. The distal tendon was attached to a micropositioner and the proximal bone fragment to a force transducer (Akers 801; SensoNor, Horten, Norway, Results show relative abundance x-fold change of the corresponding mRNA in extraocular muscle compared to EDL ϭ 1. * P Ͻ 0.05 for EOM vs. EDL; n ϭ three independent replicate experiments.
or ELG-H; Entran, Fairfield, NJ) and stretched to the length giving maximum force in response to electrical stimulation (optimal length). Muscles were stimulated with 0.5-second trains (15 V, 0.5-ms pulses) of variable pulse frequency (1-300 Hz) delivered by a stimulator (model S48; Grass Telefactor Instruments, Braintree, MA). Force-frequency relationships were determined for all muscles. Response to treatments was measured with submaximum contractions (at a stimulation frequency giving 50% of maximum force) or full tetanic contractions. At the end of the study, the length of muscle fibers at L 0 was measured and bone and tendons removed. The muscles were blotted dry and weighed. Force measurements (in Newtons) were normalized to muscle cross-sectional area (in square centimeters). For the simultaneous measurement of force and [Ca 2ϩ ] i transients, muscles were loaded with indo-1 acetoxymethyl ester, a fluorescent Ca 2ϩ indicator (Molecular Probes, Eugene, OR). Indo-1 fluorescence was measured with a system consisting of a light source, a high-speed wavelength selector, an electronic shutter, and two photomultiplier tubes (M-40 RatioMaster; Photon Technology International, Monmouth Junction, NJ) attached to a microscope (model TE200; Nikon Inc.). Muscles were illuminated with excitation light set to 360 nm. The emitted light was directed to the photomultiplier tubes, and intensity at 405 and 495 nm was measured. The ratio (R) of the light emitted at 405 nm to that at 495 nm was used as an index of [Ca 2ϩ ] i . The Ca 2ϩ ionophore calcimycin (100 nM) and the SR Ca 2ϩ release agonists caffeine (5 mM) and 4-chloro-3-ethylphenol (CEP, 50 M) were prepared as concentrated stocks and added to the bathing solution as needed. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP; 10 M) was used to dissipate the mitochondrial proton gradient and inhibit mitochondrial Ca 2ϩ influx.
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Data Analysis
All results are presented as the mean Ϯ SE of n observations, unless otherwise noted. Mitochondrial volume density, enzymatic activities and qPCR results were compared with Student's t-tests. The treatment effects in the functional studies were determined by analysis of variance, and group differences were evaluated by Student-Newman-Keuls tests. The significance level for rejection of the null hypothesis was set at P Յ 0.05 for all comparisons.
RESULTS
Our first step was to test whether the resting [Ca 2ϩ ] i of EDL and extraocular muscles would respond differently to caffeine and CEP (which stimulate SR Ca 2ϩ release) and the Ca 2ϩ ionophore calcimycin. Overall, the extraocular muscles tolerated the exposure to caffeine, CEP and calcimycin better than EDL. Figure 1A shows that the increase in resting [Ca 2ϩ ] i was much greater in EDL than in extraocular muscles when incubated with caffeine, CEP, or calcimycin. To demonstrate that the extraocular muscles are indeed responsive to the SR Ca 2ϩ release agonists caffeine and CEP, Figure 1B shows original recordings of force and [Ca 2ϩ ] i transients during a maximum tetanic contraction by an extraocular muscle before (Control) and during incubation with caffeine (5 mM). Caffeine increased peak [Ca 2ϩ ] i significantly (ϳ170%), whereas force increased by 2.8%; CEP had similar effects (not shown). These changes were typical of the effect of caffeine and CEP seen in other skeletal muscles. 15 Therefore, the small increase in extraocular muscle resting [Ca 2ϩ ] i with the SR agonists and the Ca 2ϩ ionophore was not due to low SR Ca 2ϩ content. We used CCCP, a protonophore that uncouples mitochondria, to investigate whether fast mitochondrial Ca 2ϩ influx influences [Ca 2ϩ ] i transients during tetanic contractions. CCCP increased peak tetanic [Ca 2ϩ ] i to a greater extent in extraocular muscle than in EDL (by 72% in extraocular muscle versus 14% in EDL; Fig. 2A) . Because nearly all, if not all, the muscle fibers are fully activated during maximum tetani under the control conditions, the increases in tetanic [Ca 2ϩ ] i cannot increase force much more. Two extraocular muscles and three EDL bundles increased peak tetanic force by up to 5% in response to CCCP, but the rest of the muscles (four extraocular muscles, three EDL bundles) did not present any changes in force, but the increase in peak tetanic [Ca 2ϩ ] i during incubation with CCCP was a robust and consistent finding. All the responses of the extraocular muscles were greater than for EDL (Fig. 2B) .
To demonstrate that mitochondrial Ca 2ϩ uptake is fast enough to influence contractile function, we measured force and [Ca 2ϩ ] i transients during submaximum tetani (ϳ50% of maximal force) under control conditions and in the presence of CCCP. Figure 3A presents the typical response of a 50-Hz submaximum contraction by extraocular muscle on incubation ] i and force during submaximum contractions of EDL bundles, the magnitude of this response was significantly less than in the extraocular muscles (Fig. 3B) .
Using stereological analysis, we confirmed that extraocular muscles have higher mitochondrial content (expressed as mitochondrial volume density) than EDL, a fast-twitch limb muscle. The extraocular muscles have ϳ3-fold higher mitochondrial volume density than EDL (exemplified in Fig. 4A, left) . The mitochondrial volume density range for extraocular muscle was 7% to 39% of fiber volume, and for EDL 2% to 8% (Fig.  4B, left) . Therefore, even the least oxidative fibers of the extraocular muscles have approximately the same mitochondrial volume density as the most oxidative fibers in EDL. In limb skeletal muscle, the enzymes citrate synthase and cytochrome c oxidase are used as biochemical correlates of mitochondrial content. We found that citrate synthase activity in extraocular muscle was ϳ217% higher than in EDL, just over two thirds as great as expected, based on the difference in mitochondrial volume density. The same was true for cytochrome c oxidase: enzyme activity in the extraocular muscles was 1.9 times higher than in EDL (Fig. 4B, center) . The difference in cytochrome c oxidase activity was easily detectable by histochemistry (Fig. 4A, center) . Capillaries were also very abundant in extraocular muscle (Fig. 4A, right) . Capillary density, another morphologic correlate of aerobic capacity, was markedly higher in the extraocular muscles than in the EDL ( Fig. 4B, right) , and corresponded to the mitochondrial volume density measured for each muscle type. It is possible that the high mitochondrial volume density of the extraocular muscles reflects the sustained expression of genes normally associated with mitochondrial biogenesis in response to aerobic exercise. Using qPCR, we compared mRNA levels of key genes known to control mitochondrial content and oxidative capacity in skeletal muscle ( Table 1) . The only mRNAs found at higher levels in extraocular muscle were calcineurin A␣, calcineurin B, and peroxisome proliferator activated receptor ␥ (PPAR␥). The expression of Tfam (transcription factor A, mitochondrial) was not significantly different in the two muscles. mRNAs for other regulators of mitochondrial biogenesis were unexpectedly found at lower levels than in the EDL. Of note, mRNAs for Cain, calcineurin A␤, Nrf1 (nuclear respiratory factor-1), and PGC-1 (PPAR␥ co-activator 1) were significantly lower in the extraocular muscles. Hif1 (hypoxia-inducible factor 1) and Mef2 (myocyte enhancing factor 2) were not always detectable in extraocular muscle. It could therefore be inferred that mRNAs for these transcription factors were less abundant in extraocular muscle but no relative comparison could be calculated. AMP-dependent protein kinase (AMPK) was also downregulated. Message for its two active site isoforms (Prkaa1 and Prkaa2) was found at very low levels in the extraocular muscle (Ϫ631 Ϯ 2.7 and Ϫ5352 Ϯ 2, respectively).
DISCUSSION
The results from this study support the hypothesis that mitochondrial uptake of Ca 2ϩ regulates the contractile properties of rat extraocular muscles. The high mitochondrial volume density of extraocular muscle fibers correlated with their use as Ca 2ϩ sinks, and there was evidence of disparity between Ca 2ϩ sequestering and oxidative capacity. Our data indicated that mitochondrial content in the extraocular muscles is regulated by a transcriptional program different from the one used by limb muscles in response to aerobic exercise.
Use of Mitochondria as Fast Ca 2؉ Sinks
The extraocular muscles are considered "ultrafast" based on their extremely short contraction time; however, their actual speed of shortening may not be that different. 1, 16, 17 This suggests that regulation of [Ca 2ϩ ] i kinetics is relatively more important for extraocular muscle fibers in determining their contraction amplitude to a given stimulation frequency. In principle, the extraocular muscles have the profile of very efficient Ca 2ϩ handling capacity: an extensive and well-developed SR and the expression of fast Ca 2ϩ ATPase isoforms. 18 -20 Moreover, the extraocular muscles contain parvalbumin, a lowweight Ca 2ϩ -binding protein that serves as a temporary buffer to accelerate the removal of Ca 2ϩ from its binding sites on the myofilaments and facilitates muscle relaxation. 21, 22 In the The activity of the mitochondrial enzymes citrate synthase and cytochrome c oxidase was significantly greater in extraocular muscle (*P Ͻ 0.05; n ϭ 8 EOM and 7 EDL; independent replicate experiments). The number of capillaries per square millimeter was three times higher in the extraocular muscles, similar to the difference in mitochondrial volume density (*P Ͻ 0.05). present study, the mitochondria were also important in the regulation of [Ca 2ϩ ] i during contraction. Others had already shown that the kinetics of Ca 2ϩ flux into mitochondria are fast enough to influence very rapid events such as neurotransmitter release from motor nerve terminals. 3 The specific inhibition of mitochondrial Ca 2ϩ transport slows the relaxation of mitochondria-rich skeletal muscles. 5 These data and the results of this study indicate that the mitochondria are physiological regulators of the [Ca 2ϩ ] i transients during skeletal muscle contraction.
IOVS,
There are at least two ways in which mitochondria can serve as effective Ca 2ϩ sinks in extraocular muscles. First, the fraction of extraocular muscle fiber volume occupied by mitochondria is three times greater than in EDL. Assuming that mitochondria are functionally the same in both muscle groups, there is a larger Ca 2ϩ sink volume in the extraocular muscles. The second alternative starts with the assumption that mitochondria in extraocular muscles may be functionally different, a novel concept that was superficially addressed in this study. Mitochondrial content in the extraocular muscles is not due to the same mitochondrial biogenesis program used by limb muscles in response to exercise (Table 1) . Also, the ϳ2-fold difference in the activity of citrate synthase and cytochrome c oxidase, typical indices of mitochondrial content, was not equal to the ϳ3-fold difference in mitochondrial content between EDL and extraocular muscles. Combined, these data suggest that extraocular muscle mitochondria have a unique functional profile that may include the ability to handle Ca 2ϩ at faster rates.
The Genetic Program Determining the Mitochondrial Content of Extraocular Muscles
Even the most cursory inspection of an electron micrograph of extraocular muscles reveals their typical abundance of mitochondria (see Fig. 4A, left) . Functionally, fatigue resistance is roughly proportional to the oxidative capacity of a muscle (i.e., its mitochondrial content). 23 Recent studies have begun to elucidate the regulatory steps that control mitochondrial content in skeletal muscles. 24 For example, Nrf1 and PGC-1 have been shown to participate in the control of mitochondrial biogenesis. 24 -27 Surprisingly, the expression of PGC-1, a novel mitochondrial biogenesis regulator, was actually lower in the extraocular muscles than in the EDL. PGC-1 was originally described as involved in the formation of slow muscle fibers. 28 The predominantly fast-fiber extraocular muscles may rely on a different pattern of transcription factors to regulate their mitochondrial content.
Recent reports point to extensive differences between extraocular and limb muscles in the relative importance of major metabolic pathways. 14,29 -31 This degree of metabolic divergence may explain the need for an alternative mitochondrial biogenesis program in the extraocular muscles. The role of cell type and initial stimulus in mitochondrial biogenesis is exemplified by the pattern of expression of transcription factors and coactivators in brown fat. 32 One of the few activators of mitochondrial biogenesis upregulated in extraocular muscle was the Ca 2ϩ -dependent phosphatase calcineurin. Its presence may reflect another function for [Ca 2ϩ ] i transients in extraocular muscle. It is possible that constant Ca 2ϩ cycling is the signal to establish and sustain the mitochondrial volume density in the extraocular muscles, as seen in cell culture systems. 33 Other studies support the concept of Ca 2ϩ as the trigger of mitochondrial biogenesis, but the experimental designs did not come close to the extreme physiological characteristics of the extraocular muscles. 34, 35 The differences in the activity of citrate synthase and cytochrome c oxidase relative to mitochondrial volume density were not totally unexpected. This has been shown in other highly aerobic systems. 36 Mitochondrial volume density was well-matched to capillary density, at least in terms of comparing the differences between mitochondria-poor EDL and mitochondrial-rich extraocular muscle. Moreover, mitochondrial content correlated well with the effect on [Ca 2ϩ ] i transients and contractile function. Although the lower than expected citrate synthase and cytochrome c oxidase activities are suggestive, the question of potential intrinsic differences in mitochondrial function between EDL and extraocular muscles remains unresolved.
Matching of Contractile Function to Metabolism by Mitochondrial Ca
2؉
The primary role of mitochondria is to generate adenosine triphosphate (ATP). Emerging functions, such as behaving as Ca 2ϩ sinks, must allow the organelles to fulfill the energy demands of the cell. With this premise in mind, it is not surprising that Ca 2ϩ influx coordinates the demand for ATP by the contractile apparatus with the supply of ATP by aerobic metabolism. 37 To accomplish this, the Ca 2ϩ sensitivity of these disparate processes must be similar. 38 For the extraocular muscles, rapid mitochondrial Ca 2ϩ uptake appears to serve three complementary functions. First, it couples metabolic supply to demand; increases in mitochondrial Ca 2ϩ stimulate the activity of enzyme systems that exert strong control on substrate oxidation: pyruvate dehydrogenase, 2-oxoglutarate dehydrogenase, isocitrate dehydrogenase, and glycerol 3-phosphate dehydrogenase. 39 The combined activity of these enzymes sustains NADH/NAD ϩ and maximizes the driving force for oxidative phosphorylation. ATP synthase and adenine nucleotide translocator may also be activated by Ca 2ϩ . 40 In addition, Ca 2ϩ cycling across the mitochondrial membrane increases proton leak. 39 Second, by limiting the [Ca 2ϩ ] i increase during contractions in response to submaximum stimulation frequencies, mitochondria widen the dynamic range of the extraocular muscles. As shown in Figure 3A , the amplitude of the [Ca 2ϩ ] i and force transients during a submaximum tetanus increased when Ca 2ϩ flux into mitochondria was impeded with CCCP. Therefore, the capacity of extraocular muscles to produce force is spread over a wider stimulation frequency range, increasing the fine control of the effector arm of the ocular motor system. Coincidentally, this may explain why the forceCa 2ϩ sensitivity of mechanically skinned extraocular muscle fibers is not different from that in limb muscle fibers. 41 The third role for mitochondrial Ca 2ϩ influx is to serve as a positive feedback signal and sustain mitochondrial volume density as presented herein. 33 The first two roles serve to match metabolic demand and supply instantaneously. This last proposed function for mitochondrial Ca 2ϩ would maintain the highly aerobic phenotype characteristic of the extraocular muscles.
